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Description 

[METHOD AND CIRCUIT FOR DYNAMIC 
READ MARGIN CONTROL OF A MEMORY 

ARRAY] 

Background of Invention 
[0001] FIELD OF THE INVENTION 

[0002] The present invention relates to the field of integrated cir- 
cuit memory; more specifically, it relates to a method and 
circuit for dynamically changing the read margin of a 
memory array. 

[0003] BACKGROUND OF THE INVENTION 

[0004] High performance microprocessors are designed to oper- 
ate at high frequency and high voltage in high perfor- 
mance mode. High performance microprocessors utilize 
internal high performance self-timed cache memory to 
minimize the time required to access instructions or data 
as well as self-timed general-purpose memory. In bat- 
tery-operated devices such as notebook computers, per- 



sonal computers, handheld personal digital assistants 
(PDAs) and cell phones, utilizing high performance micro- 
processors and self-timed memories, the power con- 
sumed the device can be significant and low power modes 
would be highly desirable. However, current self-timed 
memories designed for high performance operation 
present signal timing problems in low power mode, pre- 
cluding low power operation of the microprocessors. The 
same problem exists for high performance devices utiliz- 
ing general-purpose memory designed for high perfor- 
mance. 

[0005] Therefore, there is a need for a method for reducing the 
power consumption of microprocessors containing on- 
board memories as well as reducing the power consump- 
tion of general-purpose memories by adapting the mem- 
ories to support operation at low voltages. 
Summary of Invention 

[0006] a first aspect of the present invention is an electronic cir- 
cuit, comprising: a memory cell array including a sense 
amplifier self-timed decode circuit adapted to set a base 
read time delay of the memory cell array; and a read delay 
adjustment circuit coupled to the memory cell array, the 
read delay adjustment circuit adapted to adjust the base 



read time delay of the memory array based on an operat- 
ing frequency of the memory cell array. 

[0007] a second aspect of the present invention is a method for 
adjusting the read margin of a self-timed memory, com- 
prising: providing the self-timed memory, the self-timed 
memory adapted to generate a base read time delay; and 
providing the self-timed memory with a read delay ad- 
justment circuit, the read delay adjustment circuit adapted 
to adjust the base read time delay in order to increase or 
decrease the read margin of the self-timed memory. 

[0008] a third aspect of the present invention is a method for 
adjusting the read margin of a self-timed memory, com- 
prising: providing a memory cell array including a sense 
amplifier self-timed decode circuit for setting a base read 
time delay of the memory cell array; and providing a read 
delay adjustment circuit coupled to the memory cell array, 
the read delay adjustment circuit for adjusting the base 
read time delay of the memory array based on an operat- 
ing frequency of the memory cell array. 
Brief Description of Drawings 

[0009] The features of the invention are set forth in the ap- 
pended claims. The invention itself, however, will be best 
understood by reference to the following detailed descrip- 



tion of an illustrative embodiment when read in conjunc- 
tion with the accompanying drawings, wherein: 

[0010] FIG. 1 is an exemplary block schematic diagram for dy- 
namically changing the read time delay of a memory in 
response to changes in operating frequency of the mem- 
ory according to the present invention; 

[0011] FIG. 2A is a timing diagram illustrating the relationship 
between various signals of the circuit of FIG. 1 in high 
performance mode; 

[0012] FIG. 2B is a timing diagram illustrating the relationship 
between various signals of the circuit of FIG. 1 in low 
power mode; 

[0013] FIG. 3A is a block schematic diagram of a first embodi- 
ment of a margin circuit signal of FIG. 1; 

[0014] FIG. 3B is a block schematic diagram of a second embodi- 
ment of a margin circuit signal of FIG. 1; 

[0015] FIG. 3C is a block schematic diagram of a third embodi- 
ment of a margin circuit signal of FIG. 1; 

[0016] FIG. 4A illustrates a first implementation of the present 
invention; 

[0017] FIG. 4B illustrates a second implementation of the present 
invention; 

[0018] FIG. 5A is pictorial representation of the present invention 



applied to a microprocessor including internal cache 
memory; 

[0019] FIG. 5B is pictorial representation of the present invention 
applied to a module having a microprocessor chip and ex- 
ternal cache memory; and 

[0020] FIGs. 5C and 5D are pictorial representation of the present 

invention applied to a module having general-purpose 

memory. 
Detailed Description 

[0021] The terms high performance mode and low power mode 
are defined relative to one another. In high performance 
mode a circuit (which includes memory arrays and micro- 
processors) operates at a frequency and power supply 
voltage that is higher than the frequency and operating 
voltage in low power mode. In low power mode a circuit 
operates at a frequency and power supply voltage that is 
lower than the frequency and operating voltage in high 
performance mode. A self-timed memory is defined as a 
memory array where the timings of all internal signals are 
self-generated within the memory itself. In a self-timed 
memory, read time delay is defined as the time differential 
between the time when wordlines are turned on and the 
time the sense amplifiers on the bitlines are turned on. In 



a self-timed memory, read margin is defined as the volt- 
age on a bitline or the differential voltage on a true/ 
complement bitline pair when the sense amplifiers are 
turned on. 

[0022] FIG. 1 is an exemplary block schematic diagram for dy- 
namically changing the read time delay of a memory in 
response to changes in operating frequency of the mem- 
ory according to the present invention. In FIG. 1, an elec- 
tronic memory 100 includes a self-timed memory 105 
and a read delay adjustment circuit 110. Memory 105 in- 
cludes a memory cell array 115, a sense amplifier self- 
timed decode circuit 120, an address decoder 125, a word 
line drivers 130, a sense amplifier driver 135 and a multi- 
plicity of differential sense amplifiers 140. In one example 
memory cell array 115 may comprise dynamic random ac- 
cess memory (DRAM). In another example memory cell ar- 
ray 115 may comprise static random access memory 
(SRAM). 

[0023] Memory cell array 115 includes a multiplicity of memory 
cells 145 arranged in an array of rows and columns. Rows 
of memory cells 145 are connected to word line drivers 
130 by wordlines 150 carrying wordline signals WL1 
through WLN. In some designs, multiple wordlines may be 



connected to the same rows of memory cells 145. 
Columns of memory cells 145 are connected to bitline 
true (BLT) and bitline complement (BLC) bitline pairs 155. 
In some designs, multiple bitline pairs may be connected 
to the same columns of memory cells 145. Each bitline 
pair 155 is connected to a differential sense amplifier 
140. Bitline pairs 155 carry data into and out of memory 
cell array 115 and wordlines 150 allow selection of which 
rows of memory cells 145 data is to be written to or read 
out from. Differential sense amplifiers 140 amplify the 
voltage level of data signals on bitline pairs 155 and gen- 
erate data out signals (Dout). 
[0024] The turn on of differential sense amplifiers 140 is coordi- 
nated with the turning on of any wordline 150 as illus- 
trated in FIG. 2A and described infra. Address decoder 
125 receives a clock signal CLK (at the operating fre- 
quency) as well as an address signal (ADDR) and gener- 
ates a wordline address signal WL ADDR, which received 
by wordline drivers 130 and used to turn on or off word- 
line signals WL1 through WLN corresponding to the infor- 
mation contained in WL ADDR. Address decoder 125 also 
generates an SA ENABLE 0 signal triggered by generation 
of WL ADDR. SA ENABLE 0 is received by sense amplifier 



self-timed decode circuit 120, which in turn generates a 
self-timed, base read time delay signal, SA ENABLE 1. SA 
ENABLE 1 is thus a time delayed SA ENABLE 0 signal. The 
time delay introduced by sense amplifier self-timed de- 
code circuit 120 is used to delay turn-on of differential 
sense amplifiers 140 until the difference between voltages 
on bitline pairs 155 has had time to rise to a predeter- 
mined level as illustrated in FIG. 2A and described infra. 
[0025] | n p r j or ar t circuits SA ENABLE 1 is applied directly to 

sense amplifier driver 135, which generates a SENSE signal 
used to turn on or turn off specific differential amplifiers 
140. However, in the present invention, SA ENABLE 1 is 
routed through read delay adjustment circuit 110. Read 
delay adjustment circuit 110 adjusts the read margin of 
memory 105 by adjusting the base read time delay (SA 
ENABLE 1) as illustrated in FIGs. 2A and 2B and described 
infra. 

[0026] R eac | delay adjustment circuit 110 adds none to more de- 
lay time to SA ENABLE 1 and generates an SA ENABLE 2 
signal, which is received by sense amplifier driver 135 and 
used to generate the SENSE signal described supra. The 
amount of additional delay time, if any, added to SA EN- 
ABLE 1 is a function of the current operating frequency 



and current operating voltage of the device containing 
electronic memory 100. In the case of a microprocessor, 
electronic memory 100 may be a cache memory and read 
delay adjustment circuit 110 thus changes the read mar- 
gin of memory 105 in response to changes in operating 
frequency and voltage (e.g. high performance mode to low 
power mode) of the microprocessor. 
[0027] R eac | delay adjustment circuit 110 includes a multiplexer 
160, one or more delay circuits 165, a non-delay path 
170 a read margin adjustment circuit 175 and fuses 180. 
Multiplexer 160, delays 165A, 165B through 165N and 
non-delay path 170 may be considered as but one exam- 
ple of a sense amplifier delay circuit 185 for adding none 
to some predetermined amount of additional delay time to 
SA ENABLE 1. 

[0028] SA ENABLE 1 is applied directly to one data input of multi- 
plexer 160 as well as to each delay circuit 165A through 
165N. Each delay circuit 165A through 165N adds a dif- 
ferent and progressively higher amount of delay to SA EN- 
ABLE 1. In one example, delay circuits 165A through 165N 
are comprised of serially coupled buffers and/or inverters. 
The output of multiplexer 160 is signal SA ENABLE 2. 
There are two select inputs to multiplexer 160. Fuses 180 



are connected to one select input. Fuses 180 are pro- 
grammed (via a fuse blow process) to generate a FUSE 
signal in order to set a base delay to add to SA ENABLE 1 
for use in high performance mode by selection of one of 
the inputs to multiplexer 160. This base delay may range 
from none to a maximum amount of additional delay time 
available. Thus not only can read delay adjustment circuit 
180 be used to control read margin, but it can also be 
used to set a maximum operating frequency specification 
for electronic memory 100. 

[0029] The output of read margin adjustment circuit 175, a MAR- 
GIN SELECT signal, is coupled to the second select input of 
multiplexer 160. The MARGIN SELECT signal causes multi- 
plexer 160 to disregard the FUSE signal and select any in- 
put to multiplexer 160. Read margin adjustment circuit 
senses changes in operating frequency in order to gener- 
ate an appropriate MARGIN SELECT signal. Various exam- 
ples of read margin adjustment circuit 175 are illustrated 
in FIGs. 3A, 3B and 3C and described infra. 

[0030] FIG. 2A is a timing diagram illustrating the relationship 
between various signals of the circuit of FIG. 1 in high 
performance mode. In FIG. 2A (and in FIG. 2B as well) turn 
on and turn off of a signal are picked as occurring at the 



50% point of the rise or fall of the signal. In FIG. 2A, word- 
line (WL) goes high (turns on) at time Tl and SENSE goes 
high (turns on) on at a later time 12. In FIG 2A, is it useful 
to think of SENSE as being SA ENABLE 2 = SA ENABLE 1 
(see FIG. 1). The difference between (T2-T1) sets or deter- 
mines the read margin. (T2-T1) is the time delay between 
the wordline going high and the differential sense ampli- 
fiers 140 (see FIG. 1) turning on. The read margin (V1-V0) 
is the difference in voltage between BLT and BLC of a bit- 
line pair 140 (see FIG, 1) when SENSE goes high. As can be 
seen from FIG. 2A, the difference in voltage between BLT 
and BLC is greater at T2 than at Tl. 

[0031] without any additional delay time between WL going high 
and SENSE going high, the difference in voltage between 
BLT and BLC may be below or just marginally above the 
voltage differential sense amplifiers 140 (see FIG. 1) can 
detect and thus the Dout signal (see FIG. 1) may thus not 
always be correct. Consequently, the read delay time must 
be set for adequate read margin to develop prior to en- 
abling the bitline amplifiers for correct Dout operation. 

[0032] FIG. 2B is a timing diagram illustrating the relationship 
between various signals of the circuit of FIG. 1 in low 
power mode. Because in low power mode, the operating 



voltage as well as the operating frequency is reduced, the 
self-timed base delay may occur at a BLT/BLC voltage dif- 
ference below or just marginally above the voltage differ- 
ence differential sense amplifiers 140 (see FIG. 1) can de- 
tect since the difference is a function of the operating 
voltage, (i.e. at an operating voltage of 1.5 volts, the base 
delay may yield a read margin of 300 mv, but at an oper- 
ating voltage of 1.2 volts, the base delay may yield a read 
margin of only 240 mv). If the threshold of differential 
amplifiers 140 (see FIG. 1) is 250, data will not be read 
out of memory cell array 115 (see FIG. 1) reliably or re- 
peatability. This case is illustrated in FIG. 2A where the 
read margin for SENSE signal high at time T2 results in a 
read margin of (V1-V0) which may be below the differen- 
tial amplifiers threshold voltage. In FIG 2B, it is useful to 
think of SENSE as being SA ENABLE 2 = SA ENABLE 1 and 
DELAYED SENSE being SA ENABLE 2 = SA ENABLE 1 + DE- 
LAY (see FIG. 1). With DELAYSENSE going high at time T3, 
the read margin is now (V2-V0) which is above the differ- 
ential amplifiers threshold voltage. The delay required 
must be accurately determined and repeatability applied 
when in low power mode. Thus in low power mode DE- 
LAYSENSE would be applied to sense amplifier driver 135 



(see FIG. 1). 

[0033] | n one example, high performance mode has an operating 
frequency of 800 MHz and an operating voltage of 1.5 
volts and low power mode has an operating frequency of 
400 MHz and an operating voltage of 1.2 volts. 

[0034] FIG. 3A is a block schematic diagram of a first embodi- 
ment of a margin circuit signal of FIG. 1. In FIG. 3A read 
margin adjustment circuit 175 includes a microprocessor 
185A comprising a load/store unit 187, typical micropro- 
cessor registers such as a general purpose register 190A 
and a floating point register 190B and a margin control 
register 190C all coupled to load/store unit 187 by a bus. 
Load/store unit 187 is coupled to an external memory 
192. Load/store unit 187 receives a load instruction gen- 
erated in anticipation of a change in operating frequency 
of the microprocessor, causing the load/store unit to 
transfer data from external memory 192 to margin control 
register 190C. The latched data is the MARGIN SELECT 
signal (or may be used to generate MARGIN SELECT with 
additional circuitry). See also FIG. 1. 

[0035] Events must occur in a specified order. When the operat- 
ing frequency is to shift from a higher to a lower value, 
first the operating frequency is shifted to the lower value, 



second the load instruction is executed, resulting in an 
update to margin control register 190C and third the op- 
erating voltage is shifted from a higher value to a lower 
value. When the operating frequency is to shift from a 
lower to a higher value, first the operating voltage is 
shifted from a lower to a higher value, second the load in- 
struction the load instruction is executed, resulting in an 
update to margin control register 190C and third the op- 
erating frequency is shifted to the higher frequency value. 

[0036] Thus in FIG. 3A, the read margin is changed by software 
and is suitable for use in microprocessors having internal 
or external cache memory. 

[0037] FIG. 3B is a block schematic diagram of a second embodi- 
ment of a margin circuit signal of FIG. 1. In FIG. 3B read 
margin adjustment circuit 175 includes microprocessor 
185B comprising a clock control unit 195 which generates 
a FREQ SELECT signal corresponding to the frequency the 
microprocessor is operating at or changing to a frequency 
selector 197, a control block 200 and a register 205. FREQ 
SELECT is coupled through control block 200 to frequency 
selector 197, which generates the CLK signal (see also 
FIG. 1) at the operating frequency of the microprocessor 
from either an external clock signal or an on-board phase 



lock loop (or equivalent function) circuit. An example of a 
frequency selector is a digitally selectable frequency di- 
vider circuit. FREQ SELECT is also coupled through control 
block 200 to register 205. The latched FREQ SELECT is the 
MARGIN SELECT signal (or is used to generate MARGIN SE- 
LECT using additional circuits). See also FIG. 1. Control 
block 200 manages the timing of MARGIN SELECT de- 
pending on frequency shift direction (e.g. high to low or 
low to high). 

[0038] Events must occur in a specified order. When the operat- 
ing frequency is to shift from a higher to a lower value, 
control block 200 ensures that first the operating fre- 
quency is shifted to the lower value and then MARGIN SE- 
LECT is adjusted. When the operating frequency is to shift 
from a lower to a higher value, control block 200 ensures 
that first MARGIN SELECT is adjusted and second that the 
operating frequency is shifted to the higher frequency 
value. 

[0039] Thus in FIG. 3B, the read margin is changed by hardware 
and is suitable for use in microprocessors having internal 
or external cache memory. 

[0040] FIG. 3C is a block schematic diagram of a third embodi- 
ment of a margin circuit signal of FIG. 1. In FIG. 3C read 



margin adjustment circuit 175 includes a frequency selec- 
tor 210, an internal phase lock loop (PLL) or an external 
clock 215, which generates the CLK signal and a fre- 
quency detector 225. Frequency detector 225 determines 
the current operating frequency and generates a corre- 
sponding MARGIN SELECT (see also FIG. 1). Thus in FIG. 
3C, the read margin is changed by hardware and is suit- 
able for use in standalone memory. 

[0041] FIG. 4A illustrates a first implementation of the present 
invention. In FIG. 4A, an integrated circuit 230 includes 
one read margin adjust circuit 110 which receives SA EN- 
ABLE 1 from one memory 105 and returns SA ENABLE 2 
back to memory 105 as well as coupling SA ENABLE 2 to 
additional memories 105A through 105N which are simi- 
lar to memory 105. Thus, all read margins of memories 
105 and 105A through 105N are changed together and by 
the same amount. Note, by inserting different delay ele- 
ments (i.e. buffers or inverters) in the SA ENABLE 2 path 
immediately before one or more of memories 105A 
through 105N, the read margin of each memory could be 
adjusted independently. 

[0042] FIG. 4B illustrates a second implementation of the present 
invention. In FIG. 4B, an integrated circuit 235 includes 



multiple read margin adjust circuits 110A, HOB through 
HON which receive corresponding SA ENABLE 1A, SA EN- 
ABE IB and SA ENABLE IN from corresponding memories 
105A, 105B through 105N and return corresponding SA 
ENABLE 2A, SA ENABLE 2B through SA ENABLE 2N back to 
corresponding memories 105A, 105B through 105N. 
Thus, individual read margins can be set for memories 
105A, 10B through 105N in response to a change in oper- 
ating frequency. 

[0043] An integrated circuit utilizing both of the implementations 
illustrated in FIG. 4A and 4B is also possible. 

[0044] FIG. 5A is pictorial representation of the present invention 
applied to a microprocessor including internal cache 
memory. In FIG. 5A a module 240 includes a microproces- 
sor chip 245 incorporating the present invention. Micro- 
processor chip 245 includes a microprocessor 250, one or 
more read delay adjustment circuits 110 and one or more 
cache memories 105. Microprocessor 250 supplies MAR- 
GIN SELECT to read delay adjustment circuit (s) 110. Either 
or both of the implementations illustrated in FIGs. 4A and 
4B may be applied to microprocessor chip 245. 

[0045] FIG. 5B is pictorial representation of the present invention 
applied to a module having a microprocessor chip and ex- 



ternal cache memory. In FIG. 5B, a module 250 includes a 
microprocessor chip 255 and a cache memory chip 260 
(similar to memory 105 of FIG. 1). Cache memory chip in- 
cludes read delay adjustment circuit 110. Microprocessor 
chip 255 supplies MARGIN SELECT to read delay adjust- 
ment circuit 110. Either or both of the implementations il- 
lustrated in FIGs. 4A and 4B may be applied to memory 
chip 260. For example different portions of memory on 
memory chip 260 could be run at different operating fre- 
quencies and voltages using corresponding and appropri- 
ate read margins. 

[0046] FIGs. 5C and 5D are pictorial representation of the present 
invention applied to a module having general-purpose 
memory. In FIG. 5C, a memory module 265 includes a 
memory chip 270 similar to memory 105 of FIG. 1 and 
read delay adjustment circuit 110 coupled to an external 
CLK as described supra In FIG. 5D, a memory module 275 
includes a memory chip 280 similar to memory 105 of 
FIG. 1 and read delay adjustment circuit 110 coupled to 
clock generator 280. 

[0047] Thus, the present invention provides a method for reduc- 
ing the power consumption of microprocessors containing 
on-board memories as well as reducing the power con- 



sumption of general-purpose memories by adapting the 
memories to support operation at low voltages. 
[0048] The description of the embodiments of the present inven- 
tion is given above for the understanding of the present 
invention. It will be understood that the invention is not 
limited to the particular embodiments described herein, 
but is capable of various modifications, rearrangements 
and substitutions as will now become apparent to those 
skilled in the art without departing from the scope of the 
invention. For example, sorting based on the present in- 
vention can reduce yield loss of devices containing mem- 
ory due to read margin failures. Devices that fail initial 
testing for read margin can be retested at a different fre- 
quency and voltage combination and the read margin of 
the memory adjusted according to the teachings of the 
present invention. Therefore, it is intended that the fol- 
lowing claims cover all such modifications and changes as 
fall within the true spirit and scope of the invention. 



